White matter abnormalities have been reported in premanifest Huntington's disease (HD) subjects before overt striatal neuronal loss, but whether the white matter changes represent a necessary step towards further pathology and the underlying mechanism of these changes remains unknown. Here, we characterized a novel knock-in mouse model that expresses mouse HD gene homolog (Hdh) with extended CAG repeat-HdhQ250, which was derived from the selective breeding of HdhQ150 mice. HdhQ250 mice manifest an accelerated and robust phenotype compared with its parent line. HdhQ250 mice exhibit progressive motor deficits, reduction in striatal and cortical volume, accumulation of mutant huntingtin aggregation, decreased levels of DARPP32 and BDNF and altered striatal metabolites. The abnormalities detected in this mouse model are reminiscent of several aspects of human HD. In addition, disturbed myelination was evident in postnatal Day 14 HdhQ250 mouse brain, including reduced levels of myelin regulatory factor and myelin basic protein, and decreased numbers of myelinated axons in the corpus callosum. Thinner myelin sheaths, indicated by increased G-ratio of myelin, were also detected in the corpus callosum of adult HdhQ250 mice. Moreover, proliferation of oligodendrocyte precursor cells is altered by mutant huntingtin both in vitro and in vivo. Our data indicate that this model is suitable for understanding comprehensive pathogenesis of HD in white matter and gray matter as well as developing therapeutics for HD.
Introduction
Huntington's disease (HD) is a dominantly inherited neurodegenerative disorder marked by involuntary movements, cognitive impairment and psychiatric abnormalities. HD is caused by polyglutamine-encoding expanded CAG repeats (1) , and increasing polyglutamine length correlates with earlier onset of disease (2) . Although HD pathology shows massive degeneration of neurons, non-neuronal cells also play critical role in the pathogenic process (3) . Indeed, altered white matter morphology has been found in the corpus callosum in premanifest HD, and impaired white matter integrity appears to be an early event and related to neuronal loss and disease progression (4) (5) (6) (7) (8) (9) (10) (11) . HD postmortem brain showed increased progenitor cell proliferation (12) indicating the regenerative potential, and HD brain also exhibits increased proliferation of oligodendrocyte precursor cells (OPCs) (13) , suggesting a possible homeostatic response to oligodendrocyte degeneration or a generic reactive response to mutant huntingtin protein (HTT). A recent study indicates that oligodendrocyte lineage cells are the most vulnerable population among non-neuronal cells in the human HD striatum (14) . The selective degeneration of myelinated projection neurons with sparing of interneurons in the basal ganglia of HD patients further suggests that a defect of myelination may be involved in HD pathogenesis (15) .
The underlying mechanisms of white matter abnormalities remain largely unexplored. Whether white matter changes represent a necessary step towards further pathology or a response to neuronal degeneration is a key question. The temporal dynamics of white matter changes become critical to answer this question. Therefore, development of genetic animal models that recapitulate salient genetic, behavioral and neuropathological features of HD is required; valuable mouse models, recapitulating genetics, pathology and behavioral features of HD, appears an important tool for us to unravel cellular logic and elucidate molecular mechanisms underlying the disease pathogenesis. In fact, many clues to the mechanism have come from the analysis of mouse lines engineered to express additional copies of partial or full-length versions of mutant huntingtin (HTT) (16, 17) . Determining the molecular cause of pathology in transgenic mouse models requires caution, however, since transgene location and differences between transgene expression and the endogenous gene might cause abnormalities not related to HD in human (18) . Knock-in (KI) models in the appropriate genomic context are, in some respects, the most representative models. Nonetheless, most existing HD KI models have later onset of behavioral abnormalities and neuropathological features than do transgenic models (19, 20) . The usefulness of these KI models in studying pathogenesis and testing drug efficacy is limited by their delayed and mild phenotype.
Here, we report a KI model derived from the HdhQ150 KI line (16) which has ∼250 CAG/polyQ repeats (HdhQ250). These heterozygous mice exhibit accelerated behavioral and pathological phenotypes compared with those in the parental HdhQ150 line and other recently characterized heterozygous KI mouse models (21) (22) (23) . In addition, HdhQ250 mice display abnormal myelination and sustained white matter abnormalities in the corpus callosum. The OPCs exhibit enhanced proliferation in adult HdhQ250 mouse brain, but numbers of mature oligodendrocytes are dramatically less in postnatal Day 14 (P14) HdhQ250 brain than those in age-matched littermate control mouse brain. To our knowledge, this is the first KI HD mouse model which demonstrated abnormal myelination during the critical myelin development period and sustained white matter pathology in adulthood. Furthermore, we reveal that mutant huntingtin directly alters the proliferation property of cultured OPCs. Although this mouse model demonstrates many pathological aspects of HD, it should be noted that these mice express a mouse HD gene homolog (Hdh), under the control of murine promoters and genomic regulatory elements, and hence there are subtle differences at the levels of Hdh genomic DNA and protein sequences between KI mice and HD patients. Inherent differences between humans and mice must be considered in the search for efficacious treatments for HD, nevertheless the phenotypes displayed in this mouse model suggest that HdhQ250 mouse model is valuable for preclinical HD research. Our findings provide new insight into understanding disease pathogenesis and development of therapeutics for HD.
Results

Mutant huntingtin expression, body weight and motor deficits in HdhQ250 mice
In previous reports of parent line HdhQ150 and extended HdhQ200 line, mutant huntingtin mRNA expression levels were reduced to about 61-68% of wild-type (WT) levels in the striatum (13, 21) . Therefore, we quantified mRNA levels of Hdh in HdhQ250 mice by allele specific huntingtin mRNA assay (see detail in Materials and Methods), our results indicates that the mRNA levels of mutant Hdh allele were significantly lower than those of WT allele ( Fig. 1A and B) . Western blot analysis indicated that mutant HTT was expressed in different brain regions, including cerebral cortex, striatum, hippocampus, hypothalamus and cerebellum as described in HdhQ150 and HdhQ200 line (16, 21) (Fig. 1C) .
HdhQ250 mice displayed significantly lower body weight than their WT littermates. HdhQ250 mice gained body weight normally up to 4 months, stopped gaining body weight and then lost body weight (Fig. 1D ). The body weight loss was also shown in HD patients (24) . This effect on body weight is not seen in either heterozygous HdhQ150 (16) or HdhQ200 line (21), a first indication that HdhQ250 mice have more robust phenotype.
To assess motor function, we evaluated the time which mice spent to cross a 5-mm square shaped balance beam, HdhQ250 mice exhibited significant motor deficit at 6 months of age, indicated by longer time spent to cross the beam and motor deficits of HdhQ250 mice progressed along with the age (Fig. 1E) . We also performed other behavioral tests, including open-field activity, the accelerating rotarod test and 11-mm round balance beam (Supplementary Material, Fig. S1 ). Our results indicated that 5-mm balance beam test was the most sensitive measure in the HdhQ250 mice. This compares to heterozygous HdhQ150 mice which did not show significant motor deficits on the balance beam until 25 months (16) . For each motor abnormality tested in HdhQ250 mice showed accelerated phenotypes compared with the HdhQ150 line.
Mutant huntingtin causes selective reduction of brain volumes and protein aggregation in HdhQ250 mice
Although mutant HTT is expressed ubiquitously, the neuropathology in HD is selective, in which robust atrophy is seen in the striatum and to some extent in the cortex, and extends to other brain regions with disease progression. In order to determine whether the HdhQ250 mouse model demonstrates selective neuropathological changes, we performed in vivo longitudinal structural MRI whole brain scans from 3-to 12-month-old HdhQ250 mice. At 3 months of age, no differences in regional volumes were detected between HdhQ250 mice and WT mice. By 6 months of age, we detected selective and significant reductions in the striatum and neocortex of HdhQ250 heterozygous mice among 17 brain regions that we analyzed ( Table 1) . Acceleration of brain atrophy was most robust between 3 and 6 months of age, and then amplitude of striatal and neocortical volume reduction slow down ( Fig. 1F and G mice even by 80 weeks (21) . These results suggest that preventive preclinical trials starting at or before 3 months of age might provide better protection than those starting at later age in these mice.
Previous studies of mutant HTT aggregation in mouse models expressing full-length mutant HTT revealed early and selective diffuse nuclear accumulation of aggregated mutant HTT in the striatum and cortex (25) (26) (27) (28) (29) (30) . To determine the mutant HTT aggregation patterns in HdhQ250 mouse brains, we performed immunohistochemistry with an anti-HTT antibody (N-18) in 3-, 6-, 9-, 12-month-old HdhQ250 brain. We found no detectable mutant HTT aggregates in 3-month-old HdhQ250 mouse brain (data not shown). Nuclear accumulations of mutant HTT aggregates were detected at 6, 9 and 12 months of age, and the numbers of aggregates increased dramatically with disease progression ( Fig. 2A  and B) . Aggregation of mutant HTT is a pathological hallmark of HD (31) (32) (33) . In adult-onset HD patients, mutant HTT aggregation patterns consist predominantly of large aggregates in the neuropil, with only a small percentage of aggregates present in the nucleus. Interestingly, this nuclear versus cytoplasmic distribution of mutant HTT aggregates in the cortex is opposite to that in juvenile-onset HD patients, in whom nuclear inclusions are the predominant species (31) . Additionally, more large aggregates are observed in the cortex of both juvenile-and adultonset HD brains compared with those in the striatum (31, 32) .
Hdhq250 mice exhibit decreased levels of DARPP32 and brain-derived neurotrophic factor Dopamine and adenosine 3′,5′-monophosphate-regulated phosphoprotein of 32 kDa (DARPP32) is a marker of striatal medium spiny neurons that are most vulnerable and selectively degenerated in HD. Using both western blot analysis and immunofluorescent staining, we found that DARPP32 protein levels decreased progressively in the striatum of HdhQ250 mice before pan-neuronal marker NeuN levels decreased in this region (Fig. 3A and D) , consistently suggesting that the medium spiny neurons are more sensitive to mutant HTT.
The cascade of events initiated by the mutant HTT which are responsible for the selective vulnerability of the striatum in HD remains unknown. Evidence suggests that deficits in brain-derived neurotrophic factor (BDNF) supply could play an important role in the pathogenesis. BDNF is needed for the survival of striatal medium-sized spiny neurons. It is produced by the cortex and delivered via the corticostriatal afferent. Both the loss of the beneficial function of normal huntingtin on BDNF expression and BDNF vesicle axonal transport could be involved in the selective vulnerability observed in HD. It has been reported that both cortical BDNF expression and transportation to the striatum are affected in HD (34, 35) . Therefore, we measured BDNF protein levels in the cortex and striatum of 3-, 6-, 9-, 12-month-old HdhQ250 mice and their littermate controls. The levels of BDNF protein were significantly reduced in the cortex and striatum of HdhQ250 mice at 6-, 9-and 12-month-old age ( Fig. 3E and F) , indicating that the HdhQ250 model displays neurotrophin deficit similar to that found in HD patients.
Altered striatal metabolites detected by magnetic resonance spectroscopy in HdhQ250 mice
Magnetic resonance spectroscopy (MRS) allows non-invasive measurements of the concentrations of brain metabolites, several of which are involved in brain energy metabolism. Impaired energy production and increased energy demand are evident in HD (36) . To determine whether MRS measures can be alternative non-invasive biomarkers used in the preclinical trials with HdhQ250 mice, we employed proton MRS ( 1 H MRS) measurements of in vivo neurochemical profiles together with principal component analysis to determine whether we could distinguish HdhQ250 mice from WT control mice by differences in metabolites levels. We are able to measure eight metabolites in the striatum of mice reliably (Fig. 4A ). Using LC Model software (37), we quantified the concentrations of these metabolites (Fig. 4B) . We started assessing metabolite levels in the striatum of 3-month-old mice, and measured the metabolite concentrations every 3 months longitudinally thereafter. At 3 months and 6 months, there are no significant differences of these metabolites between HdhQ250 mice and WT mice ( Fig. 4C and D) . By 9 months of age, HdhQ250 mice displayed lower levels of N-acetylaspartate (NAA) in striatum than did those in WT control (Fig. 4E) . At 12 months of age, HdhQ250 mice displayed significantly altered metabolites in the striatum, including decreased levels in gamma-aminobutyric acid (GABA), glutamate (Glu), NAA, Creatine + PCr and increased Glutamine (Gln) and taurine (Tau) levels (Fig. 4F ).
Developmental delay of myelination and sustained white matter pathology in HdhQ250 mice By behavioral, metabolic, pathological and biochemical characterization, our results suggest that HdhQ250 model exhibits accelerated phenotypes compared to all reported full-length KI mice and is suitable for preclinical therapeutic study. There is accumulating evidence that white matter abnormalities appear early, even before gray matter degeneration, in mutant HTT gene carriers (4, 8, (38) (39) (40) (41) . More important, there is a significant correlation between white matter changes and functional deficits in HD (42, 43) . We examined the white matter in HdhQ250 mice during a critical period in postnatal myelination, and found that the levels of all isoforms of myelin basic protein (MBP) and myelin oligodendrocyte glycoprotein (MOG) were significantly lower in the striatum of HdhQ250 mice than those in agematched littermate WT controls at P14 ( Fig. 5A-C ). This abnormality of myelination is brain regional specific, as MBP levels in the cerebellum, a spared brain region in HD, are comparable between HdhQ250 mice and their littermate controls (Supplementary Material, Fig. S2 ). The decreased myelin-related proteins was consistent with decreased expression of a transcription factor, myelin regulatory factor (MRF) at P14 (Fig. 5D ), which regulates expression of myelin-related proteins, and these abnormalities of myelination appear most significantly in the early postnatal myelination period (Supplementary Material, Fig. S3 ). Electron microscopy analysis of the ultrastructure of myelin indicated that HdhQ250 mice displayed significantly fewer myelinated axons in the corpus callosum compared with those in WT littermate controls at P14 ( Fig. 5E and F). Our results indicated that mutant HTT interfered with myelination during the postantal myelination period and causes a delay of myelination. Moreover, the numbers of mature oligodendrocytes (CC1 positive cells) are dramatically less in the HdhQ250 brain than those in WT control mouse brain ( Fig. 5G and H).
To determine whether the abnormalities of white matter were sustained in HdhQ250 mouse brain, we examined the ultrastructure of axons in the corpus callosum at 12 months of age. We found that HdhQ250 mice displayed numerous smaller axons that are hypomyelinated in the corpus callosum ( Fig. 6A and B) , and G-ratios (diameter of axon/outer diameter of the myelinated fiber) were significantly increased in the corpus callosum of HdhQ250 mice compared with those in WT littermate controls (Fig. 6C) , indicating that the myelin sheaths were significantly thinner in adult HdhQ250 mice. Taken together, these results suggest that abnormalities in myelination are sustained in adult HdhQ250 mice. 
Enhanced proliferation of OPCs in HdhQ250 mice
It has been reported that the degree of cell proliferation increased with pathological severity and increasing CAG repeat length, indicating a regenerative potential in human HD brain (44) . The mammalian brain contains a widely distributed, abundant class of OPCs (also termed NG2 + cells), these cells co-express the alpha receptor for platelet-derived growth factor (PDGFαR) and NG2 (45, 46) , so that PDGFαR staining provides an excellent marker for labeling these OPCs. In regions of neurodegeneration, these OPCs exhibited increased proliferation (47) . Similar to previous reports in mammalian brain (48, 49) , these OPCs are abundantly distributed among all the regions in the HdhQ250 brain (data not shown). The OPCs in the normal adult brain have a low level of proliferation that contributes to the regular replacement of oligodendrocytes (50) . In response to injury, these OPCs often show enhanced proliferation that is crucial for myelin repair (51) (52) (53) (54) . To examine how OPCs respond to mutant HTTinduced white matter abnormalities, we assessed proliferation of OPCs in the corpus callosum and striatum of HdhQ250 mice. Mice were treated for 5 days with BrdU, a synthetic thymidine analog that is incorporated into the DNA during cell division; mice were then euthanized 48 h after the last BrdU injection, and examined by immunohistochemistry. The number of proliferating cells (BrdU + ) increased significantly in both corpus callosum ( Fig. 7A) and striatum ( Fig. 7B ) of 9-and 12-month-old HdhQ250 mice.
To determine whether the increased proliferation is a generic response of glia cells to mutant HTT or limited to OPCs in HdhQ250 mouse brain, we performed double-immunostaining using anti-BrdU and the OPC cell marker PDGFαR, the astrocyte marker GFAP and microglia marker Iba1. We observed that the percentage of BrdU + /PDGFαR + ( proliferating OPCs) increased significantly in both corpus callosum ( astrocytes proliferation between HdhQ250 mice and control mice ( Fig. 8A and B) , and increased proliferation of microglia only detected in the striatum of HdhQ250 mice ( Fig. 8C and D) . These results indicate that increased cell proliferation in the corpus callosum is restricted to the OPCs in HdhQ250 mouse brain, and increased cell proliferation in the striatum was contributed by both OPCs and microglia.
In vivo proliferation of OPCs represents a response of these cells to neuronal/axonal degeneration induced by mutant HTT. To determine whether mutant HTT in OPCs has a direct effect on the proliferation ability of OPCs in the absence of influence from mutant HTT containing neurons, we cultured primary OPCs from P6 HdhQ250. First we confirmed the mutant HTT expression in the cultured OPCs from HdhQ250 mice (Fig. 9A) . We then used S-phase length which was calculated with dual labeling method as described previously (55) to indicate the proliferation property. In this assay, cells were labeled with BrdU and nucleoside analog EdU (5-ethynyl-2′-deoxyuridine) (Fig. 9B) , a longer S-phase would result in a greater number of dual labeled cells. We found that S-phase length was extended in the OPCs from HdhQ250 mice compared with OPCs from controls (11.4 ± 0.1 h in WT OPCs versus 14.1 ± 1.1 h in HdhQ250 OPCs, n = 3, P < 0.05 between two groups by Student's t-test) at 4 days in vitro (DIV 4) (Fig. 9C) , indicating that mutant HTT may compromise the repair capacity of OPCs.
Hdhq250 model is a robust preclinical full-length Hdh KI model
We next asked whether HdhQ250 line could be a robust mouse model for HD preclinical trials. To facilitate preclinical studies in HD, a mouse model should have a phenotype that not only recapitulates key features of the disease, but also has low phenotypic variability. Using the data obtained from the characterization of this line, we performed power analyses to estimate the number of mice that would be required to observe rescue of some of the disease-relevant characteristics identified in HdhQ250 mice. HdhQ250 mice had significant brain atrophy, reduced DARPP32 levels in the striatum and motor deficits. Power analyses indicated that if we used brain volume from 9-monthold mice as readout, nine mice per treatment group will have 95% power to observe a 20% rescue of the cortical and striatal volume. In addition, with a sample size feasible for preclinical studies, DARPP32 levels and motor functional assessment can be used to evaluate efficacy in this mode (Table 2) . Thus, the power analyses suggest that HdhQ250 mice have robust pathological, molecular and behavioral features, establishing that HdhQ250 is a suitable full-length KI mouse model for HD preclinical studies.
Discussion
We provide in vivo evidence of early and sustained white matter abnormalities and altered proliferation of OPCs in a novel mutant Hdh KI mouse model. The HdhQ250 mice have a much more robust phenotype than the original HdhQ150 mice (16) and its sister line HdhQ200 (21) . Power analyses on the key behavioral and neuropathological outcomes provide strong evidence that the HdhQ250 line is a valuable model for preclinical studies. By replacing the short CAG repeat of the mouse Hdh with an expanded repeat, KI mice represent genetic replicas of human HD better than transgenic models in which mutant HTT is overexpressed.
In term of gender difference, we found that female mice exhibited some features of HD, such as selective brain atrophy, motor deficits, altered brain metabolites (Supplementary Material, Fig. S5 ), in much slower progression comparing with male mice. We suggest using male mice for preclinical trials.
It is worth to mention that CAG repeat size of mutant HTT is much shorter in HD patients than that resulting in phenotypes in this mouse model. The perturbation induced by mutant Hdh in the mouse model may not equally recapitulate the human HD abnormality. Inherent differences between humans and mice must be considered in the search for efficacious treatments for HD. There is almost complete striatal degeneration in HD with 40-50 CAG repeat, but mice expressing full-length mutant HTT/ Hdh with much longer CAG repeat (more than 100 CAG repeat in BACHD, YACHD, KI lines-Q140, 150, 175, 200) do not demonstrate such dramatic degeneration. Consistent with this observation, mutant HTT carriers have a smaller intracranial adult brain volume before the onset of the disease than controls, probably reflecting abnormal development (56) 
We have noticed that the expression levels of full-length mutant Hdh are lower than those of WT Hdh in HdhQ250 mice. This phenomenon was also observed in another full-length KI mouse model (21) . It has been reported that aberrant splicing of mutant HTT/Hdh in the early intron-1 region was detected in both human HD and KI mouse models, the aberrant splicing may result in fragment HTT/Hdh mRNA production and low levels of fulllength mutant HTT/Hdh mRNA (57, 58) . Although the full-length mutant HTT/Hdh mRNA are reduced, the aberrant splicing form of fragment HTT/Hdh mRNA increases, the fragment mRNA itself can be more toxic and/or generate toxic fragment protein that leads to HD pathology (57) . The current gene silencing-based therapeutic strategies by using antisense oligonucleotides, RNAi or small hairpin RNAs should also consider preventing the formation of these small fragment HTT/Hdh RNAs and/or their protein product.
HdhQ250 mice showed selective reductions in volume of the striatum and neocortex resembling neuropathology in human HD. These volumetric changes are detected by non-invasive structural MRI, which provides digitized data with full brain coverage free from distortions due to embedding and sectioning. Furthermore, such MRI-based volumetric determinations are routinely used in humans making preclinical mouse studies directly scalable to human clinical trials (59, 60) . Longitudinal in vivo imaging of HdhQ250 mice would allow a complete natural history of brain pathological changes to be developed during preclinical trials, and considerably increase the power to detect therapeutic efficacy compared with a single assessment. The current study of brain volume in the HdhQ250 mouse model suggests that this mouse model is suitable for preclinical trials.
The analyses of the HdhQ250 mice show several HD-like abnormalities that will be useful towards the goal of diminishing the pathological effects of the HD mutation. These abnormalities include selective striatal and cortical nuclear accumulation of aggregated mutant HTT as shown in other full-length HD mouse models (26) (27) (28) 61) . These studies formed the basis for the therapeutic strategy of blocking such aggregation which is based on the hypothesis that nuclear accumulation of mutant HTT aggregation may be a critical event required for selective neuropathogenesis in HD (30, 62) . The HdhQ250 mice also share a deficiency in BDNF, an important neurotrophic factor involved in regulating neuronal transmission (63) , striatal neuronal survival (64) and HD pathogenesis (34, 35) . Thus the HdhQ250 model will be useful in establishing the potential role of cortical BDNF reduction in selective striatal pathogenesis in HD and determining the efficacy of BDNF replacement therapies. Alterations in brain metabolism accompany HD. N-acetylaspartate (NAA) was reduced markedly in both presymptomatic and symptomatic HD patients, and reduced NAA correlated highly with the motor score of the Unified Huntington's Disease Rating Scale (65) . Other studies also suggested disturbed brain metabolites in HD (66) (67) (68) . These findings indicate that altered brain metabolite levels may serve as alternative biomarkers in clinical trials. We found that significant altered striatal metabolites were detected in 9-and 12-month-old HdhQ250 mice, these changes are reminiscent of some changes in human HD brain (69, 70) , such as decreased NAA and Glu levels and increased Taurine. The disturbed metabolites are not simply due to neuronal loss, as some metabolites (NAA, Glu) decreased, and the other (Taurine) increased in HD brain. Altered metabolites in the HdhQ250 mouse brain are also similar to the results in another full-length KI mouse model-zQ175 model (22) , suggesting that brain metabolite changes may serve as alternative biomarkers in using these HD models. We do not know the reason why the changes of metabolites were only detectable in later ages of HdhQ250 mice, other studies in R6/2 mice and HdhQ111 KI mice suggest a potential compensatory response that may maintain energetic homeostasis from early ages through some manifest stages (71, 72) . Nevertheless, our longitudinal MRS data will instruct future preclinical trial design with this model, such as choosing appropriate ages and biomarkers. MRS data provide a non-invasive means of potentially determining the beneficial effects of a therapeutic for preclinical trials in mouse models that would be directly analogous to their use in similar clinical trials in HD patients. . White matter atrophy has been reported in subjects with prodromal HD (56, 73, 74) . In postmortem HD brain tissue, there are signs of myelin abnormalities, such as increased numbers of oligodendrocytes (13, 75) and increased levels of ferritin iron (myelin breakdown product) (15) . Nonetheless, it remains unclear whether these white matter changes represent a necessary step towards further neuropathology or are a response to neuronal damage. Recent MRI studies highlighted the possibility that white matter changes might not be due simply to the loss of neurons in cortical gray matter (76) . Here, we detected deficient myelination during the critical postnatal myelination period and sustained white matter pathology in adulthood in HdhQ250 mice. The common theme underlying the myelination abnormalities we observed in the HD model is deregulation of the temporal profiles of myelination. These considerations presuppose that before the occurrence of HD-mediated striatal neuronal degeneration, abnormalities in supporting cells are present that reflect these putative pathological alterations in striatal function. Indeed, neuroimaging evidence is consistent with this notion (11) . Therefore, despite the apparent normalization observed after the initial myelination delay, the early HD-associated Human Molecular Genetics, 2015, Vol. 24, No. 9 | 2519 aberrant myelination likely results in irrevocable changes in cellular homeostasis and stress responses, including processes known to lead to neurodegeneration. Thus, the disturbed myelination during postnatal period might be an important early pathogenic event in HD. Definitive examination of the role of these myelination abnormalities in HD pathogenesis will require substitution of the wild-type for the mutant HTT alleles in OPCs to assess their effects in differentially modifying the progression of the neurodegenerative phenotype.
The results on white matter pathology emphasize the need to more closely look at pre-symptomatic HD carriers for white matter abnormalities to determine how closely the white matter abnormalities we see in HdhQ250 mice reflect the early pathology of HD in human. Our previous studies in a fragment HD model (R6/2) revealed white matter atrophy that correlated with findings in human HD (77) . Further study of HdhQ250 mice might establish whether compromised white matter integrity can be detected by using diffusion tensor imaging technique, and determine whether neuroimaging changes in white matter can be detected in the early stage as shown in premanifest HD patients (4, 39) . Furthermore, it will be important to determine whether disturbed myelination during development contributes to neuronal dysfunction and subsequent neurodegeneration.
In human HD brain, increased cell proliferation in subependymal layer (12) and an increased density of oligodendrocytes is observed in the head of the caudate nucleus for the lower grades (grade 0 and 1) in postmortem HD brain, suggesting a possible compensatory increase due to deficient myelination in early stages of HD (13) . Intriguingly, a recent study using carbon-14 dating approaches indicates that oligodendrocyte lineage cells have significantly lower turnover rates, and oligodendrocyte lineage cells are specifically depleted among all non-neuronal cells in the striatum of human HD grade 1-3 brains (14), indicating the vulnerability of these cells to mutant HTT. OPCs in the adult brain show increased rates of proliferation and often undergo dramatic reactive changes in response to acute injury or axonal degeneration (50) . OPCs are essential not only for myelin assembly but also for the functional integrity and long-term survival of axons (78) (79) (80) (81) . In addition, oligodendrocytes provide metabolic and trophic support to axons independent of myelination (82) . Specific degeneration of myelinated projection neurons with sparing of interneurons suggests that defective myelination may also be involved in HD pathogenesis (15) . It is possible that oligodendrocytes have important bystander effects in HD that are not directly associated with demyelination. In the present study, we demonstrated, for the first time, enhanced proliferation of OPCs in HdhQ250 mouse brain and mutant Hdh directly altered the proliferation property of OPCs without the context of axons in cultures. The observation of increased proliferation of OPCs in HdhQ250 mouse brain could indicate a homeostatic response to oligodendrocyte degeneration, or a response to degenerating axons or neurons, which has been reported for another neurodegenerative disorder, ALS (47). It is not clear what factors signal the observed OPC proliferation, but it is clear that the enhanced OPC proliferation demonstrated in this study is insufficient to compensate for the progressive degeneration in HD. Although the percentage of proliferating OPCs increased in HdhQ250 brain, the total number of OPCs did not change and white matter pathology was sustained, suggesting the possibility that these proliferating OPCs may die quickly or not be able to differentiate into functional oligodendrocytes, which needs further investigation.
Taken in vivo and in vitro results together, increased proliferating OPCs in HdhQ250 mouse brain may reflect a response of these cells to degenerating white and/or gray matter, the mechanism underlying the increased proliferation of OPCs in vivo warrantees further investigation. The longer S-phase in mutant Hdh expressing OPCs suggests that mutant Hdh directly compromised the proliferation ability that might be needed for the repair process in response to damaged neurons and/or axons. These apparently controversial results suggest that mutant Hdh not only directly Power analysis indicated the number of experimental mice needed in order to have 95% power for observing a 20, 50 or 80% rescue of phenotypes at the significance level of P < 0.01 (α = 0.01, 95% power).
damage neurons, but also compromise the repair capacity of OPCs in response to neuronal damage in HdhQ250 mice. Further analysis of the behavior of OPCs in HD in vivo may yield new insight into the factors that regulate their behavior, and the fate of these progenitors in HD. A recent study shows that oligodendrocyte lineage cells are specifically depleted among non-neuronal population in HD human brain (14) , suggesting the high sensitivity of these lineage cells to mutant HTT. As oligodendrocytes are crucial for metabolic support of axons of neurons (83), altered OPCs may further accelerate neuronal degeneration. Our current work also leads to the hypothesis that neuronal dysfunction in HD might be due, in part, to the mutation affecting supporting oligodendrocytes which suggests therapeutic strategies aimed at supporting or replacing mutant oligodendrocytes. Such replacement would have a distinct advantage over proposed neuronal replacement therapies, in that neuronal connections already established might be preserved.
Taken together, the robust phenotype of HdhQ250 mice, resembling key features of HD, and the relatively small variability of several measures in this mouse line provides a novel model for identifying therapeutics. Most importantly, our study demonstrated white matter abnormalities, particularly disturbed myelin development and sustained white matter pathology in a novel KI mouse model of HD. These findings shed light on our understanding of HD pathogenesis and open a new avenue to develop therapeutic intervention for this devastating disease.
Materials and Methods
Generation of the HdhQ250 KI line, mouse colony maintenance and genotyping HdhQ250 mice were generated by selective breeding that exploited the instability of germline repeat length in the HdhQ150 knock-in line described previously (84) . Mice with large expansions were chosen for further breeding during backcrossing to C57BL/6J. After eight generations of backcrossing, this strategy yielded the mice used in this study with ∼250 CAG repeats (250 ± 7 CAGs). Unlike KI mouse with repeats 200 or shorter, it was not able to generate homozygous HdhQ250 mice. All experiments were performed with the HdhQ250 KI mice maintained on a C57BL/6J strain background. All in vivo data are from male mice. All mice were housed in cages grouped by gender and provided with food and water ad libitum. Animals were housed under specific pathogen-free conditions with a reversed 12-h light/dark cycle maintained at 23°C and provided with food and water ad libitum . All procedures were conducted in strict compliance with the Guide for the Animal Care and Use Committee of Johns Hopkins University.
In realizing the possibility of CAG instability among generations, our experimental mice have been genotyped and CAG size was determined for each individual mice. We selected the mice with 250 ± 5 CAG size as breeders and set up a large breeding colony to produce sufficient experimental mice in relatively short period. Of 200 meioses where the 250CAG allele was passed to the next generation, 95% mice produced offspring where the repeat size was within the 250 ± 7 range. This shows that the instability is minor enough to be easily overcome by setting up a few more breeding cages in this line. The CAG size from tail samples for our experimental mice is 250 ± 7. We also measured the CAG size in different brain regions in the experimental cohort, the CAG size is 241 ± 5 in the cerebral cortex, 230 ± 5 in the striatum and 255 ± 7 in the cerebellum. Our results also suggest that the instability is minor enough to be easily overcome by setting up a few more breeding cages in this line. Although the instability is a minor factor in this line, continuous monitoring of CAG size is necessary for comparing data among different labs.
Allele specific Hdh mRNA assay
Allele specific PCR was done by Mismatch Amplification Delay. Wild type mouse Hdh contains a CAG repeat that is interrupted by a single CAA (which also codes for glutamine). This interruption was removed during gene targeting the founder line creating a pure CAG repeat in all members of the allelic series (84) . This sequence difference was used to develop an allele specific qRT-PCR assay which uses a reverse primer that binds to the first 12 bases of the repeat as well as upstream unique Hdh sequence (CTGCTGCTGCTGAAACGA) (85) . Thus this primer perfectly binds the expanded repeat but contains a single mismatch when binding WT Hdh sequence. This primer was paired with the forward primer (GGCAGGAAGCCGTCAT) for Sybr greenbased qRT-PCR. Using known quantities of mutant and wildtype DNAs, we empirically determined conditions where the CAA interruption in the WT CAG allele delayed amplification to threshold by 4.0 PCR cycles (300 n each primer, 50°C 10 min, 95°C 60 s, then 40 cycles of 95°C 15 s, 61.5°C 60 s). These conditions also provided an average PCR efficiency of 1.94-fold amplification per cycle. Thus in a heterozygous sample, the wild-type cDNA is 14-fold under-represented versus mutant. A dilution series of known concentrations of WT and mutant Hdh PCR products that included amplicon were included in each qRT-PCR run to allow determination of copy number of cDNA present in each sample. Reverse transcription was performed replacing random primers from Applied Biosystems High Capacity Reverse transcription Kit with a single Hdh specific primer #4 on Supplementary Material, Figure S1b and c (GCG GCT GAG GGG GTT GA) at a final concentration of 1.25 ng/µl. Since extension of this primer crossed the CAG repeat before reaching the amplicon region, we measured the relative efficiency of reverse transcription across different sized alleles.
Transmission electron microscopy
To analyze the thickness of the myelin sheath, mice were anesthetized and perfused transcardially with PBS, followed by 4% paraformaldehyde (freshly prepared from EM grade), 2% glutaraldehyde, 3 m CaCl 2 in 0.1  sodium cacodylate buffer, pH 7.2, for 30 min ( perfusion speed at 2 ml/min). Samples were maintained in fixation solution (4% paraformaldehyde, 2% glutaraldehyde, 3 m CaCl 2 , 1% sucrose in 0.1  sodium cacodylate buffer (Caco), pH 7.2) at 4°C overnight, immersed in 8% sucrose in 0.1  Na 2 HPO 4 and NaH 2 PO 4 buffer, and post-fixed in reduced 2% osmium tetroxide (2% osmium, 1.6% potassium ferrocyanide, 3 m CaCl 2 , 0.1  Caco) for 2 h on ice in the dark. Samples were rinsed in distilled water and treated with 1% aqueous uranyl acetate overnight, dehydrated in an ascending series of alcohol dilutions to 100%, followed by acetone. Samples were infiltrated with propylene oxide, embedded in Epon, and sectioned. Semi-thin sections (1 µm) were stained with toluidine blue for tissue identification. Ultrathin sections (90 nm) of corpus callosum from each mouse were cut and post-stained with uranyl acetate and lead citrate. Images were collected with a Hitachi 7600 transmission electron microscope (Hamamatsu City, Shizuoka, Japan). Gratios (diameter of the axon/outer diameter of the myelinated fiber) of at least 300-500 myelinated axons per genotype and area were measured. Data are displayed as a scatter-plot against axon diameter. The number of axons with different diameters Human Molecular Genetics, 2015, Vol. 24, No. 9 | 2521 was also plotted against the axon diameter. To count the myelinated fibers in the brain of P14 HD mice, three brains from each genotype were processed and corpus callosum was sampled as described earlier. Twenty to thirty sections from each sample were randomly chosen and myelinated fibers were counted in each section. Data are expressed as mean numbers of myelinated fiber per square millimeter.
OPC cell proliferation assay
BrdU (50 mg/kg) was injected intraperitoneally, twice a day for 1 week. Mice were deeply anesthetized with isoflurane and perfused transcardially with 4% paraformaldehyde (PFA in 0.1  phosphate buffer, pH 7.4). Brains were post-fixed in 4% PFA overnight at 4°C, transferred to 30% sucrose solution (in PBS, pH 7.4) and stored at 4°C for more than 36 h. Tissue was sectioned (35 μm thick, unless stated otherwise) with a cryostat and immunofluorescence was examined on free-floating sections. Brain (coronal, bregma 0.5 to −1.9 mm) was first incubated in blocking solution (5% normal donkey serum, 0.3% Triton X-100 in PBS, pH 7.4) for 1 h at room temperature, then incubated overnight at 4°C with anti-PDGFαR antibody (1:250, a gift from Dr William Stallcup), or anti-GFAP (Millipore, 1:1000), anti-Iba 1 (Wako Chemicals,1:500), anti-CC1 (Calbiochem, 1:50). After washing with PBS, the sections were incubated with secondary antibody for 2 h at room temperature. Sections were then washed three times with PBS and Hoechst 33342 (Sigma, USA) was used for counterstaining to identify the nucleus. For BrdU staining, brain sections were denatured with 2 N HCl for 30 min at 37°C. Then sections were neutralized with 0.1  borate buffer for 5 min twice, followed by the staining step described earlier. Mounted slides were imaged using an epifluorescence microscope (Zeiss Axio-imager M1), and Axiovision software (Zeiss), or a confocal laser scanning microscope (Zeiss LSM 510 Meta) by using appropriate excitation and emission filters. A total of 3-12 sections were examined per mouse, and three mice were analyzed per group. For all studies, areas were chosen randomly within the indicated brain regions. Data are presented as percent of double positive cells per mm 2 brain area.
In vivo structural MRI and MRS acquisition and quantification
In vivo MRI and MRS were performed on a vertical 9.4 Tesla MR scanner (Bruker Biospin, Billerica, MA, USA) with a triple-axis gradient and a physiological monitoring system (EKG, respiration and body temperature). Mice were anesthetized with isoflurane (1%) mixed with oxygen and air at 1:3 ratios via a vaporizer and a facial mask and scanned longitudinally (the same mice were imaged repeatedly over 12 months period). We used a 20-mm diameter volume coil as the radiofrequency transmitter and receiver. Temperature was maintained by a heating block built into the gradient system. Respiration was monitored throughout the entire scan. High-resolution anatomical images were acquired using a three-dimensional (3D) 
Structural MRI image analysis
Images were first rigidly aligned to a template image by using automated image registration software (http://bishopw.loni.ucla .edu/AIR5/, AIR). The template image was selected from one of the images acquired from age-matched littermate control mice (mouse had the medium brain volume among the control group), which had been manually adjusted to the orientation defined by the Paxinos atlas with an isotropic resolution of 0.1 mm × 0.1 mm × 0.1 mm per pixel. After rigid alignment, images had the same position and orientation as the template image, and image resolution was also adjusted to an isotropic resolution of 0.1 mm × 0.1 mm × 0.1 mm per pixel. Signals from non-brain tissue were removed manually (skull-stripping). Skull-stripped, rigidly aligned images were analyzed using Landmarker software (www.mristudio.org). Intensity values of the gray matter, white matter and cerebral spinal fluid were normalized to the values in the template images by using a piece-wise linear function. This procedure ensured that subject image and template image have similar intensity histograms. The intensity-normalized images were submitted by Landmarker software to a linux cluster, which runs Large Deformation Diffeomorphic Metric Mapping (LDDMM). The transformations were then used for quantitative measurement of changes in local tissue volume among different mouse brains, by computing the Jacobian values of the transformations generated by LDDMM.
MRS data analysis
Localized proton spectra were acquired using a Point Resolved Spectroscopy (PRESS) pulse sequence with the following parameters: TE/TR = 8.8 ms/3000 ms. A 3 × 3 × 3 mm 3 voxel was placed in the frontal forebrain and covered the striatum. An unsuppressed water reference scan was acquired with two signal averages for quantification of the proton peak, and water suppressed signals were acquired with 1024 signal averages for quantification of other metabolites. Quantification of MRS spectra was performed using the LCModel (37,86) using unsuppressed water as internal reference. Specifically, pulse sequence parameters and molecular structure were used to generate basis sets for each metabolite. Then metabolites as well as water signals were fitted to simulated basis sets to acquire the resonance amplitudes. Then the metabolites concentrations were estimated by referencing to known water concentrations. Metabolite values with an LCModel fit of a Cramér-Rao lower bound (CRLB) above 20% were excluded. Water T1 and T2 values were chosen as 2200 and 25 ms, respectively, for 9.4 T magnetic field (87). Appropriate water attenuation correction was manually defined in the LCModel. The following equation was used to calculate the 'real' metabolite concentration [M]real:
In the above equation, CF is the correction factor; [M] LCModel is the concentration value calculated from LCModel; N usup and N sup are the number of signal averages in water-unsuppressed and -suppressed signal; Gain usup and Gain sup are the receiver gains used for acquiring unsuppressed water signals and suppressed signals. Both the signal averages and receiver gains were determined from the scanning protocol we used. ATTH2O default equals 0.7, a default attenuation correction factor assigned by LCModel. ATTH2O real is defined as
In our study, the calculated ATTH2O real was 0.52, and total time for MRS was 15 min.
Balance beam tests of motor function
Motor function was assessed on an 80-cm long and 5-mm wide square-shaped balance beam that was mounted on supports 50-cm in height. A bright light illuminated the start platform, and a darkened enclosed 1728 cm 3 escape box (12 × 12 × 12 cm) was situated at the end of the beam. Disposable pads placed under the beam provided cushioning if an animal fell off the beam. Mice were trained to walk across the beam twice at least 1 h prior to testing. If a mouse stopped during training, the tail was gently pressed to encourage movement. After the training trial, mice were left undisturbed for at least an hour before testing. The time for each mouse to traverse the balance beam was recorded with a 60 s maximum cut-off, and falls were scored as 60 s.
Immunohistochemistry
Mice were anesthetized and perfused transcardially with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde. Brains were post-fixed overnight followed by immersion into 30% sucrose for 24 h. Coronal brain sections (40 µm) were cut on a cryostat. Sections were stained with primary antibodies, including DARPP32 (1:500, Millipore, USA), NeuN (1:300, Millipore, USA), anti-huntingtin (N-18, 1:1000, Santa Cruz, USA) and PDGFαR (1:200, a gift from Dr William Stallcup), respectively. Briefly, the sections were washed three times with PBS for 10 min each time, then permeabilized by incubating with 0.3% Triton X-100 for 5 min, followed by incubation with blocking solution containing 5% donkey serum, 3% goat serum and 0.3% Triton X-100 for 1 h. Then the sections were incubated with primary antibody at 4°C overnight. After three washings with PBS, the sections were incubated with secondary antibody for 2 h at room temperature, followed by washing three times with PBS. DAPI (Sigma, USA) was used to counterstain the nucleus. Sections were mounted onto superfrost slides (Fisher Scientific, Pittsburgh, PA, USA) and dried and then covered with anti-fade mounting solution. Fluorescence images were acquired with a CCD camera attached to a fluorescence microscope (Zeiss). For BrdU staining, brain sections were denatured with 2 N HCl for 30 min at 37°C. Then sections were neutralized with 0.1 M borate buffer twice for 5 min each time, followed by staining as described earlier. Images were taken with an Avixon 200 microscope, and BrdU-positive and PDGFαR-positive cells were counted in the striatum and corpus callosum from three brains in each group. Data are presented as percent of double positive cells per mm 2 brain area.
Western blotting
Brain tissue samples were homogenized in a buffer containing 50 m Tris-HCl, pH 8.0, 150 m NaCl, 0.1% (w/v) SDS, 1.0% NP-40, 0.5% sodium deoxycholate and 1% (v/v) protease inhibitor mixture. For SDS-PAGE, 30-50 μg of proteins were separated in a 4-20% gradient gel and transferred to a nitrocellulose membrane.
The membrane was blotted with the following primary antibodies: MW1 (1:5000), MAB2166 (1:1000), anti-NeuN (1:1000), anti-DARPP32 (1:1000), anti-MBP (1:500), anti-MOG (1:1000) and mouse anti-β-actin (Sigma, 1:5000). After incubation with HRPconjugated secondary antibodies, the bound antibodies were visualized by chemiluminescence.
ELISA analysis of BDNF protein levels BDNF protein levels were quantified with a commercially available kit (Chemicon) as described previously (88) . Briefly, samples were processed by acidification and subsequent neutralization. Wells of 96-well plates were coated with anti-BDNF antibody, incubated in the presence of 'block and sample' buffer, and washed in TBST (Tris-buffered saline with Tween-20). Samples (300 µg of protein) were added to triplicate wells, and serial dilutions of BDNF standard (0-500 pg/ml) were added to wells to generate a standard curve. Wells were washed five times with TBST, a hydrogen peroxide solution was added together with a peroxidase substrate, and plates were incubated for 10 min. Reactions were stopped by adding 100 μl of 1  phosphoric acid, and absorbance was measured at 450 nm by using a plate reader. The concentrations of BDNF in each sample were determined in triplicate, and the average of the three values was used as the value for that mouse.
Quantitative RT-PCR
Total RNA was isolated from the HdhQ250 HD mouse brain by using Trizol reagent (Invitrogen) as the manufacturer recommended. First-strand cDNA was synthesized by using MuLV reverse transcriptase (ABI, USA) with hexamerrandom primer (ABI, USA). Quantitative RT-PCR (qRT-PCR) was carried out with the iTaq universal SYBR Green Supermix (Bio-Rad, USA) in ABI 7900HT Fast Real-Time PCR System. Sequences of the primers were: mouse Mrf forward primer 5′-catcaaagcagagccaaagg-3′, mouse Mrf reverse primer 5′-aactcccacgtggcatagag-3′. After 40 cycles of amplification, the melt curve was analyzed and relative expression of each gene was calculated after normalizing to β-actin expression by applying the comparative quantification method.
OPCs culture and dual labeling with BrdU and EdU to determine the S-phase length Primary oligodendrocyte progenitor cell culture was performed as published (89) . Cerebral cortices from Day 6 mouse pups were used. Sequentially exposing proliferating cells to BrdU and EdU allows differentiation between defined populations of cells, the relative sizes of these populations required direct determination of S-phase length (Ts) of the proliferating pool. OPC cells at DIV-4 were incubated sequentially with BrdU (10 m) and EdU (20 m) . At the beginning of treatment, OPC cells were incubated with BrdU for 2 h and all cells in S-phase at the beginning of the experiment (T = 0) were labeled with BrdU. OPC cells were subsequently washed thoroughly with culture medium and cultured for another 4 h, and subsequently incubated with EdU for 2 h. Then OPC cells were washed with warmed PBS and fix with EM grade 4% PFA for 15 min at room temperature. Followed by the detection of EdU and BrdU incorporation as described previously (55) .
Statistical analysis
Data are expressed as mean ± SEM. Repeated two-way (age and genotype) ANOVA was used for longitudinal body weight data Human Molecular Genetics, 2015, Vol. 24, No. 9 | 2523
and structural MRI data analysis. Student's t-test was used for other measures between WT and HdhQ250 groups at significance level set at P < 0.05.
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